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1  | INTRODUC TION
The axon and the surrounding myelin sheath have a very close 
relationship—morphologically and functionally (Fünfschilling 
et al., 2012; Stassart et al., 2018). This is, for example, illustrated by 
the association between axonal diameter and myelin sheath thick-
ness which are both determinants of action potential transduction 
(Fünfschilling et al., 2012; Hutchinson et al., 1970; Smith et al., 1979). 
During neuro-inflammatory and/or demyelinating insults, such as 
multiple sclerosis (MS), this relationship is disrupted. Although the 
 
Received: 26 October 2020  |  Accepted: 14 November 2020
DOI: 10.1002/jnr.24767  
R E S E A R C H  A R T I C L E
Axonal mitochondria adjust in size depending on  
g-ratio of surrounding myelin during homeostasis 
and advanced remyelination
Benjamin V. Ineichen1 |   Keying Zhu1  |   Karl E. Carlström1,2
Edited by Patricia Schuck. Reviewed by Erich Tahara 
1Department of Clinical Neurosciences, 
Karolinska Institutet, Center for Molecular 
Medicine, Karolinska Hospital at Solna, 
Stockholm, Sweden
2Laboratory of Molecular Neurobiology, 
Department Medical Biochemistry and 
Biophysics, Biomedicum, Karolinska 
Institutet, Stockholm, Sweden
Correspondence
Karl E. Carlström, Laboratory of molecular 
Neurobiology, Department of Medical 
Biochemistry and Biophysics, Biomedicum, 




Erik och Edith Fernströms S; Swiss National 
Science Foundation
Abstract
Demyelinating pathology is common in many neurological diseases such as multiple 
sclerosis, stroke, and Alzheimer's disease and results in axonal energy deficiency, dys-
functional axonal propagation, and neurodegeneration. During myelin repair and also 
during myelin homeostasis, mutual regulative processes between axons and myelin 
sheaths are known to be essential. However, proficient tools are lacking to character-
ize axon-myelin interdependence during (re)myelination. Thus, we herein investigated 
adaptions in myelin sheath g-ratio as a proxy for myelin thickness and axon metabolic 
status during homeostasis and myelin repair, by using axonal mitochondrial size as a 
proxy for axonal metabolic status. We found that axons with thinner myelin sheaths 
had larger axonal mitochondria; this was true for across different central nervous 
system tracts as well as across species, including humans. The link between myelin 
sheath thickness and mitochondrial size was temporarily absent during demyelination 
but reestablished during advanced remyelination, as shown in two commonly used 
animal models of toxic demyelination. By further exploring this association in mice 
with either genetically induced mitochondrial or myelin dysfunction, we show that ax-
onal mitochondrial size adjusts in response to the thickness of the myelin sheath but 
not vice versa. This pinpoints the relevance of mitochondrial adaptation upon myelin 
repair and might open a new therapeutic window for remyelinating therapies.
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coherence between the myelin and the axon can be reestablished 
during subsequent remyelination, the regenerated myelin sheaths are 
disproportionally thin compared to preinjury condition. Of note, also 
axons show adaptive mechanisms upon demyelination, for example, 
increased mitochondria density and/or size compared to homeo-
static conditions (Andrews et al., 2006; Mutsaers & Carroll, 1998; 
Sterky et al., 2011; Zambonin et al., 2011). Mitochondrial size adap-
tation following injury have also been observed outside the central 
nervous system (CNS) where mitochondria growth/enlargement is 
an accepted proxy for cellular adaption to increased energy de-
mand and/or a detrimental response to cellular stress (Jürgensmeier 
et al., 1998; Pfanner et al., 2019; Suzuki, 1969).
The g-ratio is the ratio of the inner-to-outer diameter of a myelin-
ated axons, we serendipitously found a strong correlation between 
myelin sheath g-ratio and axonal mitochondrial size in transmission elec-
tron microscopy (TEM) sections from naïve rat corpus callosum (CC). 
Suggestively, the myelin sheath g-ratio and metabolic axonal features 
do influence each other during homeostatic conditions but also during 
myelin repair (Chiu, 2011; Chomiak & Hu, 2009; Edgar et al., 2008). We 
thus explored the association between myelin sheath g-ratio and axonal 
mitochondrial size further in order to consolidate this measurement as a 
useful tool to assess axon-myelin interdependence and dynamics.
2  | MATERIAL S AND METHODS
2.1 | Species and strains
All mice strains analyzed herein had C75BL/6 genetic background, 
whereas rats had either Dark agouti or Lewis genetic background. 
Experimental setup including species, strains, age, sex, cell specificity, 
phenotype, CNS region, and condition is summarized in Table 1. In brief, 
spinal cord, CC, or cortical tissue from adult male and female animals 
were analyzed. The transgenic mice strains analyzed herein include 
the following: Plp.tg; over-expressing the myelin structure component 
proteolipid protein 1 (Plp1), causing hypomyelination in aged animals. 
OpaMut, mtPstI, Afg3L2, and Mfn2 all display mitochondrial dysfunction 
where OpaMut comprises 30 coding exons and OPA1 oligomers inter-
fere with mitochondrial quality control mitophagy, and mitochondrial 
DNA maintenance in the intermembrane space. mtPstI cause double-
strand brakes via PstI which is specifically expressed in OL via the PLP 
promotor. Afg3L2 affects mitochondrial calcium uniporter complex's in 
the mitochondrial inner membrane. This render effects on mitochon-
drial protein synthesis and respiration and mitochondrial fragmen-
tation. Mfn2 is the coding gene for Mitofusin2 situated at the outer 
mitochondrial membrane regulating mitochondrial fusion (Table 1).
2.2 | Models of toxic demyelination
Lysolecithin (lysophosphatidylcholine, LPC) and cuprizone are the 
most commonly used models of toxic demyelination used in rodents. 
Experimental details for our material are summarized in Table 2. 
Lysolecithin injections in the cervical spinal cord were performed 
as previously described (Blakemore & Franklin, 2008; Carlström 
et al., 2020; Ineichen et al., 2017): briefly, rats were deeply anes-
thetized under fentanyl, medetomidine, and midazolam (for Lewis 
rats) or isoflurane (for Dark agouti rats). Lysolecithin solution (1% in 
injectable water) was stereotactically injected to either the dorsal 
funiculus of the cervical spinal cord level C3 (Lewis) or the CC (Dark 
agouti). For toxic demyelination with cuprizone, mice were main-
tained with standard rodent chow containing 0.2%–0.3% cuprizone 
powder (C9012, Sigma-Aldrich, USA) for 5 weeks, followed by nor-
mal chow feeding without cuprizone for another week.
2.3 | Selection criteria for TEM images
For TEM imaging, corresponding CNS tissue was postfixed in 1% 
phosphate-buffered osmium tetroxide (Electron microscopy sci-
ence) for 4–6 hr, dehydrated in ethanol and propylene oxide (Sigma) 
and embedded in Epon. Electron microscopic pictures were taken on 
a Zeiss 10 instrument. Additional TEM images were obtained from 
original papers and from additional material provided by the authors 
of herein cited papers, for methodological details refer to Tables 1 
and 2. Axonal mitochondria were identified in the transected axons 
as distinct intra-axonal organelles with clearly defined edges.
Initial assessment of our hypothesis was made in unpublished 
TEM images from the authors of this study. To further extend our 
analysis to different species and CNS tracts, authors from key pa-
pers were contacted and asked to provide further unpublished TEM 
images. Finally, particularly for the herein included transgenic mouse 
strains, we analyzed TEM images from printed publication figures. 
The following search string was used to identify such publications 
from Medline: “myelination” AND “transmission electron micros-
copy” AND “central nervous system”. For the transgenic mouse 
strains, the following string was additionally used: (“PLP” OR “Opa” 
OR “mtPstI” OR “Afg3L2” OR “Mfn2”). The inclusion criteria for the 
papers were (a) investigation of myelin ultrastructure using TEM and 
(b) sufficient resolution of axons, myelin sheaths, and mitochondria, 
Significance
We herein show that axonal mitochondria, a major axonal 
energy supplier, closely adjust to corresponding (re)myeli-
nation status in different central nervous system tracts and 
species including humans—but not vice versa. These find-
ings emphasize that aiming at restoring axonal energy me-
tabolism during remyelination might be just as important as 
fostering remyelination during multiple sclerosis, and po-
tentially other demyelinating disorders. This also indicates 
that the assessment of the correlation between myelin 
sheath thickness and axonal mitochondrial size might be 
a superior readout to identify advanced remyelination and 
reestablishment of homeostatic relation between axon 
and surrounding myelin compared to traditional readouts.

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6  |     INEICHEN Et al.
that is, individual publication images should have included at least 
10 myelinated axons in total. For further details on the exact data 
source of each analysis, consider Table 1.
2.4 | Statistical analyses
To evaluate myelin thickness correlation with mitochondrial cir-
cumference, g-ratio (Equation 1) and axonal mitochondria circum-
ference (Equation 2, Figure 1a) were measured using ImageJ with 
g-ratio plugin (Goebbels et al., 2010). Axonal mitochondrial cir-
cumference is throughout referred to as axonal mitochondrial size. 
Axonal mitochondria display a limited variation in circumference, 
thus truncated axonal mitochondria caught in a TEM cross-section 
are a representative measurement for the whole organelle (Misgeld 
et al., 2007). When reanalyzing original and published TEM images, 
all mitochondria-containing axons were included and analyzed, the 
mean mitochondrial size was used as the representative measure for 
every axon. Fixation protocols and its influence on data are in sum-
marized Table 2 and Figure S1b. 
 
All statistical analyses were performed using GraphPad Prism 
software. All correlation analyses were performed with Pearson's 
r test. Multiple comparisons were throughout analyzed with one-
way ANOVA with Bonferroni correction. p < 0.05 was considered as 
statistically significant. No outlier test was applied. Throughout the 
study, the use of “correlation” and “association” refers to statistically 
significant relations.
3  | RESULTS
3.1 | During homeostasis, axonal mitochondrial size 
correlates with myelin g-ratio in rodents, macaques, 
and humans
Assessment of the axon-myelin ultrastructure and g-ratio using TEM 
is the golden standard for evaluation of homeostatic myelination and 
remyelination following injury (Franklin & Ffrench-Constant, 2017). 
The g-ratio represents a relative measure for myelin thickness where 
a g-ratio of 1 represents a completely unmyelinated/naked axon and 
g-ratio < 1 represents increasing myelin sheath thickness (Figure 1a, 
Equation 1). TEM images also offers the opportunity to assess ad-
ditional ultrastructural features, including axonal mitochondria 
(Figure 1b, Equation 2).
Since multiple data sets were used in order to obtain sufficient 
number of axons for every strain and/or conditions, the influence 
on mitochondrial size from CNS tract, fixation, and postfixation pro-
tocols were assessed, and no significant differences were recorded 
(Figure S1b). Although no significant differences were found in num-
bers of mitochondria in any of the assessed species or CNS regions 
(Table 2), g-ratio and mitochondrial size varied among the assessed 
species during homeostatic conditions (Table 1, Figure S1a). Axons 
with higher g-ratio (i.e., thinner myelin sheath) displayed larger ax-
onal mitochondria in rodent CC (Figure 1c,d, Table 1). In addition, 
mitochondrial size also correlated with axonal radius (Table 2), how-
ever this was only evident for rodents. Correlation between axonal 
mitochondrial size and myelin sheath thickness in relation to axonal 
diameter was also observed in higher species including macaque spi-
nal cord (Figure 1e, Table 1) (Duncan et al., 2018; Stikov et al., 2015) 
and human prefrontal cortex (Figure 1f, Table 1) (Lewis et al., 2019; 
Uranova et al., 2001).
3.2 | Association between myelin g-ratio and axonal 
mitochondrial size during de- and remyelination
Next, we asked whether myelin-axon units were able to maintain 
the positive correlation between g-ratio and axonal mitochondrial 
size during de- and remyelination. Two commonly used experimen-
tal models to study demyelination and subsequent remyelination are 
LPC, an intra-parenchymally injected detergent, and cuprizone, a di-
etary copper-chelating agent (Blakemore & Franklin, 2008; Ineichen 
et al., 2017; Zendedel et al., 2013).
In the LPC model, the g-ratio was unsurprisingly increased during 
early remyelination (d10 postinjection) compared to advanced re-
myelination (d24 post injection). In cuprizone-fed mice, a similar 
decrease in g-ratio was observed during demyelination (5 feeding 
weeks) compared to early remyelination (6 feeding weeks) (Figure 
S1c). Concomitantly, the axonal mitochondrial size followed the 
same decrease when comparing the earlier and later time points in 
both demyelinating models (Figure S1d). Of note, mitochondrial size 
was similar during advanced remyelination compared to the pre-de-
myelinating condition.
There was no statistically significant correlation between g-ratio 
and mitochondrial size during the earlier time ,point in neither of the 
models analyzed (Figure 2a,c). However, during advanced remyelin-
ation in LPC and early remyelination in cuprizone, axons with higher 
g-ratio (i.e., thinner myelin sheath) had larger mitochondria, thus re-
established the correlation which we observed during homeostasis 
(Figure 2b,d).
3.3 | Axonal mitochondria adapt their size to 
dysregulated myelination but not vice versa
Our data indicate a close correlation between g-ratio and axonal mi-
tochondrial size during homeostasis and during advanced remyelina-
tion. However, the direction of association remains to be identified. 
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F I G U R E  1   Axonal mitochondrial size correlates with myelin g-ratio in rodents, macaques, and humans during homeostasis. (a) Illustration 
of a cross-sectional myelinated axon with the g-ratio representing the axonal diameter in relation to the diameter of both the axon and the 
surrounding myelin. Dashed lines indicate the circumference around the axonal mitochondria, and the inner and outer myelin.  
(b) Representative transmission electron microscopy (TEM) image with annotated g-ratio and, exemplified, pseudo-colored axonal 
mitochondria in purple (scale-bar 1 μm). (c) Homeostatic mitochondrial size (μm) and g-ratio in mouse corpus callosum (nanimals = 3  
ntotal axons = 104). Horizontal box plots indicate g-ratio, vertical box plots indicate mitochondrial size, whiskers illustrate 10–90 percentile, 
scale-bar 1 μm. (d) Homeostatic mitochondrial size (μm) and g-ratio in rat corpus callosum (nanimals = 3, ntotal axons = 61), representative TEM of 
rat corpus callosum, scale-bar 2 μm (e) Homeostatic mitochondrial size (μm) and g-ratio in macaque spinal cord (nanimals = 3, ntotal axons = 72). 
(f) Homeostatic mitochondrial size (μm) and g-ratio in human prefrontal cortex (nsubjects = 3, ntotal axons = 32). The diameter of each point of 
measure indicates the axonal inner radius in μm. All correlation analyses were performed with Pearson's r test
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to be influenced by myelin sheath g-ratio or vice versa, TEM images 
from different mouse strains with either dysfunctional myelination 
or dysfunctional mitochondria function were assessed (Table 1).
We asked whether dysfunctional mitochondria would be associ-
ated with thinner myelin sheaths. For this, we analyzed g-ratios and 
axonal mitochondria in OpaMut+/+ and Afg3L2+/+ transgenic mice 
used as models for dysfunctional mitochondria (Cipolat et al., 2004; 
Sarzi et al., 2012; Wang et al., 2016) (Table 1). Images were ob-
tained from optic nerve and spinal cord, respectively. Accordingly, 
both strains displayed increased mitochondrial size compared to 
corresponding wild-type mice (OpaMut−/+ or Afg3L2−/−) (Figure 3a,b, 
Table 3). However, neither the OpaMut+/+ nor the Afg3L2+/+ strain 
showed changes in g-ratio compared to corresponding wild-type 
mice (Figure 3a,b). Intriguingly, no correlation between g-ratio and 
axonal mitochondrial size was either observed in these strains with 
mitochondrial dysfunction (Figure 3b,e), that is, mitochondrial size 
did not seem to affect myelin sheath thickness.
OpaMut+/+ and Afg3L2+/+ are full-body mutants, thus mitochon-
dria function is presumably altered in all cells including myelin-gen-
erating oligodendrocytes (OLs). Thus, mitochondrial dysfunction in 
F I G U R E  2   Axonal mitochondrial size correlates with myelin sheath g-ratio during advanced but not early de- or remyelination. g-ratio 
plotted against axonal mitochondrial size (μm) in rat corpus callosum (CC) (a) 10 days following lysophosphatidylcholine (LPC) injection (early 
remyelination, nanimals = 3, ntotal axons = 39), and (b) 24 days following LPC injection (advanced remyelination, nanimals = 3, ntotal axons = 55). 
g-ratio plotted against axonal mitochondrial size (μm) in mice CC (c) during cuprizone feeding (nanimals = 3, ntotal axons = 72) and (d) 1 week 
after cuprizone withdrawal (nanimals = 3, ntotal axons = 77). The diameter of each point of measure indicates the axonal inner radius in μm. All 
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OLs could be responsible for the lack of g-ratio adaption to axonal 
mitochondrial dysfunction. To address this, lumbar spinal cord of 
mice with axonal-specific mutations in the mitochondria protein 
Mfn2 (here referred to as Ax:Mfn2) were assessed (Bernard-Marissal 
et al., 2019). However, similar to the full-body mutant strains 
(OpaMut+/+ and Afg3L2+/+) the myelin sheaths did not adapt in the 
Ax:Mfn2+/+ in response to dysfunctional axonal mitochondria, thus 
leaving the g-ratio unchanged compared to wild type (Ax:Mfn2−/−) 
(Figure 3a,c,e). To verify whether OL-specific loss of mitochondria 
function could influence g-ratio, sections from lumbar spinal cord 
of mice expressing mtPstI under the Plp promoter (here referred to 
as OL:mtPstI), causing mitochondria DNA-breakage, were analyzed 
(Wang et al., 2016). OL:mtPstI transgenic mice showed a higher g-ra-
tio (i.e., a thinner myelin sheath) compared to corresponding control 
F I G U R E  3   Hypomyelination affects axonal mitochondrial size but not vice versa. (a) Homeostatic mitochondrial size (μm) and g-ratio in 
mice with genetically induced mitochondrial dysfunction. Horizontal box plots indicate g-ratio, vertical box plots indicate mitochondrial 
size, whiskers illustrate 10–90 percentile. (b) Homeostatic mitochondrial size (μm) and g-ratio genetically induced mitochondrial dysfunction 
(nanimals = 6, naxons = 47). (c) Homeostatic mitochondrial size (μm) and g-ratio in Ax:Mfn2
+/+ (nanimals = 3, naxons = 40) and OL:mtPstI
+/+ 
(nanimals = 4, naxons = 40) mice. (d) Homeostatic mitochondrial size (μm) and g-ratio in Plp.tg
+/+ mice (nanimals = 3, naxons = 46). (e) Statistical 
summary of correlation between g-ratio and axonal mitochondrial size in all mice strains. (f) Schematic illustration of the adaption hierarchy 
where OL mitochondrial dysfunction influences g-ratio (i.e., myelin thickness) which in turn influence axonal mitochondrial size. All 
correlation analyses were performed with Pearson's r test, multiple comparisons of mitochondrial size and g-ratio in (a–d) were performed 
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mice (Figure 3a,c). OL:mtPstI+/+ animals did also exhibit increased ax-
onal mitochondrial size however not significant (p = 0.2410) (Table 3). 
In line with the observations in Opa1, Afg3L2, and Ax:Mfn2 strains, 
g-ratio and axonal mitochondrial size did not correlate (Figure 3e).
We next asked whether thinner myelin sheaths be associated 
with increased mitochondrial size. The Plp.tg+/+ mice display hypo-
myelination due to knock-in of Plp1 (Karim et al., 2007) (Table 1). 
Hypomyelination was confirmed by an increased g-ratio in Plp.
tg+/+ mice compared to wild-type mice (Plp.tg−/−) (Figure 3a,d, 
Table 3). In Plp.tg+/+ mice, axons with increased g-ratio (i.e., thin-
ner myelin sheath) displayed increased axonal mitochondrial size 
(Figure 3a,d,e).
4  | DISCUSSION
The axon and its surrounding myelin have a close relationship. Yet, 
fundamental understanding of their mutual regulation processes, 
particularly with regard to axonal energy metabolism, is lacking. We 
herein explored the interplay between g-ratio (as proxy for myelin 
sheath thickness in relation to axonal diameter) and axonal mito-
chondrial size by reanalyzing original and published data sets. This 
means multiple data sets were included for the study, however nei-
ther tract or perfusion/fixation protocol nor post-fixation protocol 
did statistically significantly affect axonal mitochondrial size.
During homeostasis, g-ratio and size of axonal mitochondria were 
consistently correlated among different species and CNS tracts, that 
is, that axons with increased g-ratio displayed larger mitochondria. 
This association was lost during demyelination and reestablished 
during advanced remyelination in two animal models of toxic demy-
elination. Finally, assessment of mutant mice strains with either dys-
functional myelin or mitochondria revealed that mitochondrial size 
adapts to dysfunctional myelination.
The axonal energy metabolism is highly complex: axons are 
dependent of at least two different energy sources—direct local 
supply of ATP by axonal mitochondria as well as lactate supply via 
monocarboxylate transporters in the OLs (Fünfschilling et al., 2012; 
Lee et al., 2012; Saab et al., 2013). Moreover, both distribution and 
morphology of axonal mitochondria has been reported to change 
over time and between different conditions, for example, during 
aging (Edgar et al., 2008; Stahon et al., 2016). Furthermore, the in situ 
evidence of mitochondrial proteins such as Complex IV are also al-
tered simultaneously to morphological and/or distributional changes 
(Barron et al., 2004; Kirkinezos et al., 2005; Mahad et al., 2008, 
2009).
During demyelinating insults, for example, after stroke, 
Alzheimer's disease, or, likely most thoroughly studied in this regard, 
MS, the axonal energy metabolism shifts out of balance. Different 
axonal metabolic responses aim at compensating this insufficient 
axonal energy metabolism—with the coalition of these processes 
termed “axonal mitochondrial response to demyelination” (Campbell 
& Mahad, 2012; Campbell et al., 2014; Kiryu-Seo et al., 2010). These 
processes include increase in mitochondrial number, activity and 
speed of mitochondrial transport.
Our findings are in line with this concept and further extend it, it 
has been speculated that the ability to mount this response may be 
confined to a subset of neurons (Campbell & Mahad, 2012; Mahad 
et al., 2009). Our data indicate that this response may in fact be em-
ployable by different strategic CNS tracts including the CC and the 
corticospinal tract in the spinal cord. Furthermore, our data indicate 
that also in homeostatic conditions, mitochondria dynamically adjust 
to myelin sheath thickness (as potential proxy for lactate supply of 
axons) in higher mammals including humans.
Noteworthy, remyelination only partially reverses the axo-
nal energy deficiency that follows demyelination (Campbell & 
Mahad, 2012). It might thus be warranted to use more sophisticated 
measures to evaluate (re) myelination than solely measuring g-ratio, 
for example, myelin sheath thickness and size of axonal mitochon-
dria as conducted in our analysis.
Using the Plp.tg model, our data further suggest that axonal mi-
tochondrial size adjust to changes in myelin sheath g-ratio. This was 
however not true when OL:mtPstI+/+ exhibited higher g-ratio as the 




P valuea  NMean ± SD Mean ± SD
Opa1Mut−/+ Afg3L2−/− 0.71 ± 0.47 * 0.55 ± 0.11 0.3162 34
Opa1Mut+/+ Afg3L2+/+ 1.26 ± 0.84 0.59 ± 0.10 47
OL:mtPstI−/− 0.74 ± 0.54 0.2410 0.55 ± 0.08 * 43
OL:mtPstI+/+ 0.91 ± 0.76 0.61 ± 0.09 40
Plp.tg−/− 0.78 ± 0.47 ** 0.61 ± 0.12 * 26
Plp.tg+/+ 1.36 ± 0.78 0.68 ± 0.15 46
Ax:Mtf2−/− 0.69 ± 0.27 0.1743 0.36 ± 0.07 0.3603 27
Ax:Mtf2+/+ 0.85 ± 0.56 0.34 ± 0.07 42
aMeans compared with one-way ANOVA. 
*p < 0.05, **p < 0.01. 
     |  11INEICHEN Et al.
Plp.tg strain but without significant changes in axonal mitochondrial 
size. Possibly the use of a genetic model indirectly generating a high 
g-ratio via mtPstI may influence axonal mitochondrial size in a way 
which is absent in Plp.tg model.
This might hint toward the OLs compensatory capacity axonal 
energy during imbalance is limited. Thus, aiming at restoring axonal 
energy metabolism during remyelination might be just as important 
as fostering remyelination during MS, and potentially other demye-
linating disorders.
The restrictions of our study are the potential selection bias 
caused by partially analyzing printed publication figures and the 
inclusion of multiple data sets in order to increase the number of 
measured data points. However, main findings were confirmed in 
additional original material. For data transparency we have also dis-
played relevant raw data for every individual data set. Data sets of 
dysfunctional mitochondria characterized with TEM are rare and 
thus affecting the number of measurable data points. Since we (to 
our knowledge) have analyzed all available data sets fulfilling the 
above criteria, we are confident that our samples are reflecting the 
true biology. Moreover, the findings were robust when investigat-
ing different species, mutant strains, and CNS regions. Additionally, 
cuprizone has been described to increase mitochondrial size via di-
rect mitochondrial toxicity (Suzuki, 1969). In this study, we cannot 
specify whether these in relations to each other are dependent or 
independent events. However, also in LPC, the correlation between 
g-ratio and axonal mitochondria thickness is reestablished during 
advanced remyelination, thereby corroborating this correlation as 
consistent feature of advanced remyelination.
Our findings underline the dynamic response of mitochondria 
to a changing myelin landscape during homeostasis, de- and remy-
elination. Such regulative processes could be exploited as potential 
therapeutic target, for example, for demyelinating disorders where 
axons are at high risk for demise due to insufficient axonal energy 
supply. Furthermore, assessment of the correlation between g-ratio 
and axonal mitochondrial size might be a superior readout to iden-
tify advanced remyelination and reestablishment of homeostatic re-
lation between axon and surrounding myelin.
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